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1
X-RAY CT APPARATUS

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of Japanese patent
application number 2006-105749 filed Apr. 6, 2006.

BACKGROUND OF THE INVENTION

The present invention relates to an X-ray CT apparatus or
a techmique for an X-ray CT 1image photographing or imaging
method, which realize cardiac imaging or biological synchro-
nous 1maging based on low radiation exposure, high image
quality and high-speed photography by an electrocardio-
graphically-synchronized helical scan, variable-pitch helical
scan or helical shuttle scan at a medical X-ray CT (Computed
Tomography) apparatus.

In an X-ray CT apparatus using a multi-row X-ray detector
or an X-ray CT apparatus using a two-dimensional X-ray area
detector of a matrix structure typified by a flat panel, the
photography of the heart has heretofore been performed by a
helical scan electrocardiographically synchronized at a heli-
cal pitch made slow by a helical pitch 0.2 or so as shown 1n
FIG. 16. As the technique of photographing or imaging such
as a heart by the helical scan, a patent document 1 has been
known.

The present imaging method involves a problem in terms of
X-ray exposure because of the low helical pitch. Data acqui-
sition 1n which one segment 1s defined as fan angles+180° 1s
shown 1in FIG. 16. However, as 1n the case 1n which multi-
segment image reconstruction 1s taken as shown i FIGS. 17
and 18 to adapt to various heartbeats, problems arise even 1n
terms ol 1mage quality as in the case of the occurrence of
artifacts due to displacements 1n X-ray projection data
between respective segments, the occurrence of banding arti-
facts 1n the direction orthogonal to a z direction parallel to an
xy plane at a three-dimensional display as shown 1n FIG. 20,

and the like.

[Patent Document 1] Japanese Unexamined Patent Publi-
cation No. 2003-164446

Assuming that, for example, an X ray having a beam width
of 40 mm 1s used and 1maging i1s done at a helical pitch 0.2, an
imaging area 1s moved 8 mm per one scan rotation. Therefore,
there 1s a need to carry out imaging corresponding to 15
rotations of a gantry for the purpose of 1maging or photo-
graphing a heart whose overall length 1s 12 cm or so. Radia-
tion dose reduction 1s typically desirable and 1t 1s desirable to
reduce any X-ray projection data that may be unused 1n the
actual diagnosis exist 1n large quantities, as well as about an
exposed dose equivalent to greater than or equal to 5 times as
compared with a conventional scan (axial scan) which
enables imaging of 40 mm minutes per rotation of gantry. On
the other hand, since a z direction X-ray detector width 1s not
yet sullicient 1n the normal conventional scan (axial scan),
data acquisition per rotation 1s not capable of covering the
whole heart.

Therelfore, an object of the present mnvention 1s to provide
an X-ray CT apparatus capable of realizing the photography
or imaging of a heart at a low dosage and a high speed and
with good i1mage quality by a helical scan, variable pitch
helical scan or helical shuttle scan of the X-ray CT apparatus
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2

having a multi-row X-ray detector or a two-dimensional
X-ray area detector of matrix structure typified by a flat panel
X-ray detector.

BRIEF DESCRIPTION OF THE INVENTION

In a first aspect, the present invention provides an X-ray CT
apparatus including an X-ray data acquisition device for
acquiring X-ray projection data transmitted through a subject
lying between an X-ray generator and an X-ray detector hav-
ing a two-dimensional detection plane and detecting X rays in
opposition to the X-ray generator, while the X-ray generator
and the X-ray detector are being rotated about a center of
rotation lying therebetween; an 1image reconstructing device
for 1mage-reconstructing the acquired projection data; an
image display device for displaying the image-reconstructed
tomographic 1image; and an 1maging condition setting device
for setting various kinds of imaging conditions for tomo-
graphic 1image, wherein the X-ray data acquisition device
acquires X-ray projection data 1n sync with an external sync
signal by a helical scan with a predetermined range of the
subject with a helical pitch set to 1 or more.

In another aspect the present invention provides an X-ray
CT apparatus including an X-ray data acquisition device for
acquiring X-ray projection data transmitted through a subject
lying between an X-ray generator and an X-ray deter having
a two-dimensional detection plane and detecting X rays 1n
opposition to the X-ray generator, while the X-ray generator
and the X-ray deter are being rotated about the center of
rotation lying therebetween; an 1image reconstructing device
for 1mage-reconstructing the acquired projection data; an
image display device for displaying the image-reconstructed
tomographic image; and an imaging condition setting device
for setting various imaging conditions for a tomographic
image, wherein the X-ray data acquisition device performs
X-ray data acquisition with a timing at which a predetermined
imaging position 1 a z direction that 1s a relative travel
direction between the subject and an X-ray data acquisition
system 1ncluding the X-ray generator and the X-ray detector
1s synchronized with a predetermined phase of an external
sync signal, upon imaging a predetermined range of the sub-
ject by a helical scan.

In yet another aspect, the present invention provides an
X-ray CT apparatus including an X-ray data acquisition
device for acquiring X-ray projection data transmitted
through a subject lying between an X-ray generator and an
X-ray detector having a two-dimensional detection plane and
detecting X-rays in opposition to the X-ray generator, while
the X-ray generator and the X-ray detector are being rotated
about a center of rotation lying therebetween; an image
reconstructing device for image-reconstructing the acquired
projection data; an image display device for displaying the
image-reconstructed tomographic 1mage; and an 1maging
condition setting device for setting various kinds of imaging
conditions for tomographic 1image, wherein the X-ray data
acquisition device includes a first X-ray data acquisition
device for performing first X-ray data acquisition based on a
first imaging condition defined 1n such a manner that a pre-
determined 1imaging position 1n a z direction that 1s a relative
travel direction between the subject and an X-ray data acqui-
sition system including the X-ray generator and the X-ray
detector 1s synchronized with a predetermined phase of an
external sync signal, upon 1imaging a predetermined range of
the subject by a helical scan, and a second X-ray data acqui-
sition device for performing second X-ray data acquisition
based on a second 1imaging condition defined in such a man-
ner that the predetermined imaging position 1s more properly
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synchronized with the predetermined phase of the external
sync signal, upon 1maging the predetermined range by the
helical scan based on the tomographic image obtained by
image-reconstructing the X-ray projection data obtained by
the first X-ray data acquisition device, and wherein the image
reconstructing device image-reconstructs X-ray projection
data acquired by the first and second X-ray data acquisition
devices.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a block diagram showing an X-ray C'T apparatus
according to one embodiment of the present invention

FIG. 2 1s an explanatory diagram of an X-ray generator
(X-ray tube) and a multi-row X-ray detector as viewed 1n an
Xy plane.

FIG. 3 1s an explanatory diagram of the X-ray generator
and the multi-row X-ray detector as viewed 1n a yz plane.

FI1G. 4 1s a tlowchart 1llustrating the flow of subject pho-
tography.

FIG. 5 1s a flowchart showing a schematic operation for
image reconstruction, ol the X-ray CT apparatus according to
the one embodiment of the present mnvention.

FIG. 6 1s a flowchart depicting the details of a pre-process.

FIG. 7 1s a flowchart illustrating the details of a three-
dimensional 1mage reconstructing process.

FIG. 8 1s a conceptual diagram showing a state 1n which
lines on an 1mage reconstruction area are projected n an
X-ray penetration direction.

FI1G. 9 1s a conceptual diagram 1llustrating lines projected
onto an X-ray detector plane.

FIG. 10 1s a conceptual diagram showing a state 1n which
projection data Dr (view, X, y) 1s projected onto an image
reconstruction area.

FI1G. 11 1s a conceptual diagram 1llustrating backprojection
pixel data D2 of respective pixels on an 1image reconstruction
area.

FIG. 12 1s an explanatory diagram depicting a state in
which backprojection pixel data D2 are added together over
all views 1n association with pixels to obtain backprojection
data D3.

FIG. 13 1s a conceptual diagram showing a state 1n which
lines on a circular image reconstruction area are projected 1n
an X-ray penetration direction.

FI1G. 14 1s a diagram illustrating an 1imaging or photograph-
ing condition mnput screen of the X-ray CT apparatus.

FIG. 15 1s a diagram depicting examples of a volume
rendering three-dimensional image display method, an MPR
image display method and a three-dimensional MIP 1mage
display method.

FIG. 16 1s an explanatory diagram showing helical scan
half scan (180°+fan angle) image reconstruction of one seg-
ment synchronized with a biological signal.

FI1G. 17 1s an explanatory diagram illustrating helical half
scan (180°+fan angles) 1image reconstruction divided into
three segments.

FIG. 18 1s an explanatory diagram depicting helical full
scan (360°) 1image reconstruction divided 1nto four segments.

FI1G. 19 1s a diagram showing weighted addition of projec-
tion data on respective segments.

FIG. 20 1s a diagram 1llustrating band artifacts at a cardiac
three-dimensional display.

FIG. 21 1s a flowchart illustrating conventional cardiac
photography

FI1G. 22(a) 1s a diagram showing the wavelorm of an elec-
trocardiographic signal of a subject.
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4

FIG. 22(b) 1s a diagram 1llustrating a sync signal based on
a cardiac phase.

FI1G. 22(c) 1s a diagram depicting a sync signal based on a
cardiac triggered phase.

FIG. 23 1s a flowchart of a first embodiment.

FIG. 24 1s a diagram showing a mesodiastolic cardiac
coronal 1mage.

FIG. 25 15 a diagram showing the relationship between a
helical scan at an actual scan and a cardiac periodic signal.

FIG. 26 1s a diagram illustrating the relationship between a
helical scan at an actual scan and a cardiac periodic signal
where a cardiac period 1s made long.

FIG. 27 1s a diagram showing the relationship between a
helical scan at an actual scan and a cardiac periodic signal
where a cardiac period 1s made short.

FIG. 28 1s a diagram depicting the flow of a contrast agent
synchronous 1maging process.

FIG. 29 1s a diagram showing an intermittent scan for a
monitor scan

FIG. 30(a) 1s a diagram 1llustrating a baseline tomographic
image.

FIG. 30(b) 1s a diagram showing a display example of a
monitor scan for contrast agent synchronous photography.

DETAILED DESCRIPTION OF THE INVENTION

The present invention will hereinaiter be explained 1n fur-
ther detail by embodiments 1llustrated in the figures. Inciden-
tally, the present invention 1s not limited to or by the illus-
trated embodiments.

FIG. 1 1s a configuration block diagram showing an X-ray
CT apparatus according to one embodiment of the present
invention. The X-ray CT apparatus 100 1s equipped with an
operation console 1, an 1imaging or photographing table 10
and a scan gantry 20.

The operation console 1 includes an input device 2 which
accepts an mput from an operator, a central processing unit 3
which executes a pre-process, an 1mage reconstructing pro-
cess, a post-process, etc., a data acquisition butler 5 which
acquires or collects X-ray detector data acquired by the scan
gantry 20, a monitor 6 which displays a tomographic image
image-reconstructed from projection data obtained by pre-
processing the X-ray detector data, and a storage device 7
which stores programs, X-ray detector data, projection data
and X-ray tomographic images therein.

An mput for imaging or photographing conditions 1s input-
ted from the 1nput device 2 and stored 1n the storage device 7.
FIG. 14 shows an example of an imaging condition input
screen. An mput button 134 for performing a predetermined
input 1s displayed on the imaging condition input screen 13 A.
FIG. 14 1llustrates a screen on which a scan tab 1s being
selected. When P-Recon 1s selected as the tab, an mput dis-
play 1s switched as plotted below FIG. 14. A tomographic
image 135 1s displayed above the mput button 134 and a
reconstruction area 13¢ 1s displayed down below. Biological
signals such as a respiratory signal, an electrocardiographic
signal, etc. may be displayed as displayed on the upper right
side 1f necessary.

The photographing table 10 includes a cradle 12 that draws
and 1nserts a subject from and 1nto a bore or aperture of the
scan gantry 20 with the subject placed thereon. The cradle 12
1s elevated and moved linearly on the photographing table by
a motor built 1n the photographing table 10.

The scan gantry 20 includes an X-ray tube 21, an X-ray
controller 22, a collimator 23, a beam forming X-ray filter 28,
a multi-row X-ray detector 24, a data acquisition system
(DAS) 235, a rotating section controller 26 which controls the
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X-ray tube 21 or the like rotated about a body axis of the
subject, and a control controller 29 which swaps control sig-
nals or the like with the operation console 1 and the photo-
graphing table 10. The beam forming X-ray filter 28 1s an
X-ray filter configured so as to be thinnest 1n thickness as
viewed 1n the direction of X rays directed to the center of
rotation corresponding to the center of imaging, to increase in
thickness toward its peripheral portion and to be able to
turther absorb the X rays. Therefore, the body surface of the
subject whose sectional shape 1s nearly circular or elliptic can
be less exposed to radiation. The scan gantry 20 can be tiled
about £30° or so forward and rearward as viewed 1n a z
direction by a scan gantry tilt controller 27.

The X-ray tube 21 and the multi-row X-ray detector 24 are
rotated about the center of rotation IC. Assuming that the
vertical direction 1s a y direction, the horizontal direction 1s an
x direction and the travel direction of each of the table and
cradle orthogonal to these 1s a z direction, the plane at which
the X-ray tube 21 and the multi-row X-ray detector 24 are
rotated, 1s an xy plane. The direction in which the cradle 12 1s
moved, corresponds to the z direction.

An electrocardiograph 31 inputs an electrocardiographic
signal of the subject therein. The waveform of the electrocar-
diographic signal 1s generally represented as shown in FIG.
22(a). Assuming that a cardiac or heart rate 1s 75 bpm (beat
per minute), a cardiac cycle or period becomes 0.8 seconds
and such electrocardiographic wavetorms (P wave, QRS
wave, 1T wave and U wave) as shown 1n the drawing appear
within this period. The cardiac atria excites and cont with the
timing of the P wave, thereby allowing bloodstream from
cach of a large vein and a pulmonary vein to flows into the
ventricular side. At the timing of 1ts subsequent QRS wave,
the cardiac atria simmers down from 1ts excitation and the
cardiac ventricle or chamber excites and contracts, thereby
squeezing the bloodstream of the cardiac chamber into amain
a and a pulmonary artery. At the timing of the subsequent T
wave, the cardiac chamber simmers down. And the motion of
the heart becomes most gradual at the timing (cardiac phase
75%) of the subsequent U wave. Since the electrocardiograph
31 1s connected to the control controller 29, the control con-
troller 29 1s capable of performing a scan while a scan opera-
tion 1s being synchronized with the heartbeat.

FIG. 2 1s a diagram showing a geometrical arrangement or
layout of the X-ray tube 21 and the multi-row X-ray detector
24 as viewed from the xy plane. FI1G. 3 1s a diagram showing
a geometrical arrangement or layout of the X-ray tube 21 and
the multi-row X-ray detector 24 as viewed from a yz direc-
tion. The X-ray tube 21 generates an X-ray beam called a cone
beam CB. When the direction of a central axis of the cone
beam CB 1s parallel to the y direction, this 1s defined as a view
angle 0°.

The multi-row X-ray detector 24 has X-ray detector rows
corresponding to J rows, for example, 256 rows as viewed 1n
the z direction. Each of the X-ray detector rows has X-ray
detector channels corresponding to I channels, for example,
1024 channels as viewed 1n a channel direction.

In FIG. 2, an X-ray beam emitted from the X-ray focal
point of the X-ray tube 21 1s set such that more X rays are
irradiated at the center of a reconstruction area P by the beam
forming X-ray filter 28 and less X rays are irradiated at a
peripheral portion thereof thereby. After X-ray dosage has
been spatially controlled in this way, the X rays are absorbed
into a subject existing inside the reconstruction area P, and the
penetrated X rays are acquired or collected by the multi-row
X-ray detector 24 as X-ray detector data.

In FIG. 3, the X-ray beam emitted from the X-ray focal
point of the X-ray tube 21 1s controlled 1n the direction of slice
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thickness of a tomographic 1mage by the X-ray collimator 23.
That 1s, the X-ray beam 1s controlled 1in such a manner that an
X-ray beam width becomes D at the center or central axis of
rotation IC. The X-rays are absorbed into the subject existing
in the neighborhood of the central axis of rotation IC, and the
penetrated X-rays are acquired by the multi-row X-ray detec-
tor 24 as X-ray detector data

The X-rays are applied to the subject and acquired projec-
tion data are A/D converted by the data acquisition system
(DAS) 25 from the multi-row X-ray detector 24, which 1in turn
are inputted to the data acquisition butler 3 via a slip ring 30.
The data mputted to the data acquisition buller 5 are pro-
cessed by the central processing unit 3 1n accordance with the
corresponding program stored 1n the storage device 7, so that
the data are image-reconstructed as a tomographic 1mage,
tollowed by being displayed on the monitor 6. Incidentally,
although the multi-row X-ray detector 24 1s applied 1n the
present embodiment, a two-dimensional X-ray area detector
ol a matrix structure typified by a flat panel X-ray detector can
also be applied, or a one-row type X-ray detector can be
applied.

(Operation Flowchart of X-ray CT Apparatus)

FIG. 4 15 a flowchart showing the rough outline of opera-
tion of the X-ray CT apparatus according to the present
embodiment.

At Step P1, a subject 1s placed on its corresponding cradle
12 and their alignment 1s performed. In the subject placed on
the cradle 12, a slice light central position of the scan gantry
20 1s aligned with a reference point of 1ts each portion or
region.

At Step P2, scout image (called also “scano image or X-ray
penetrated image™) acquisition 1s performed. The scout image
can be normally imaged or photographed at 0° and 90°. Only
the 90° scout 1image might be taken depending upon the
region as 1n the case of a head, for example. The operation of
fixing the X-ray tube 21 and the multi-row X-ray detector 24
and effecting data acquisition of X-ray detector data while the
cradle 12 1s being linearly moved, 1s performed upon scout
image photography. The details of the photography of the
scout image will be explained later 1n FIG. 5.

At Step P3, an imaging condition setting 1s performed
while the position and size of a tomographic image to be
photographed on the scout image 1s being displayed. The
present embodiment has a plurality of scan patterns such as a
conventional scan (axial scan), a helical scan, a variable pitch
helical scan, a helical shuttle scan, etc. The conventional scan
1s a scan method of rotating the X-ray tube 21 and the multi-
row X-ray detector 24 each time the cradle 12 1s moved at
predetermined intervals 1n a z-axis direction, thereby acquir-
ing projection data. The helical scan 1s an photographing or
imaging method of moving the cradle 12 at a constant speed
while the data acquisition system constituted of the X-ray
tube 21 and the multi-row X-ray detector 24 1s being rotated,
thereby acquiring projection data. The variable pitch helical
scan 1s an 1imaging method of varying the speed or velocity of
the cradle 12 while the data acquisition system constituted of
the X-ray tube 21 and the multi-row X-ray detector 24 1s
being rotated 1n a manner similar to the helical scan, thereby
acquiring projection data. The helical shuttle scan 1s a scan
method of accelerating/decelerating the cradle 12 while the
data acquisition system constituted of the X-ray tube 21 and
the multi-row X-ray detector 24 1s being rotated in a manner
similar to the helical scan, thereby to reciprocate 1t 1n the
positive or negative direction of a z axis to acquire projection
data. When these plural photographies are set information
about the whole X-ray dosage corresponding to one time 1s
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displayed. When the number of rotations or time 1s imnputted
upon a cine scan, information about X-ray dosage corre-
sponding to the inputted number of rotations or time at 1ts
region of interest 1s displayed.

At Step P4, a tomographic image 1s photographed. The
details of the tomographic image photography and its image
reconstruction will be explained later 1n FIG. 5.

At Step P5, the image-reconstructed tomographic image 1s
displayed.

At Step P6, a three-dimensional image display 1s per-
formed as shown in FIG. 15 using a tomographic image

continuously photographed 1n the z direction as a three-di-
mensional 1mage.

As three-dimensional 1image display methods, a volume
rendering three-dimensional image display method 40, a
three-dimensional MIP (Maximum Intensity Projection)
image display method 41, an MPR (Multi Plain Reformat)
image display method 42 and a three-dimensional reprojec-
tion 1image display method are shown 1n FIG. 15. The various
image display methods can be used properly according to
diagnostic applications.

(Operation Flow Chart for Tomographic Image Photography
and Scout Image Photography)

FIG. 5 1s a flowchart showing rough outlines of operations
for the tomographic image photography and scout image
photography of the X-ray CT apparatus 100 of the present
invention.

At Step S1, the operation of rotating the X-ray tube 21 and
the multi-row X-ray detector 24 about the subject and efiect-
ing data acquisition of X-ray detector data while the cradle 12
placed on the 1maging or photographing table 10 is being
linearly moved, 1s performed upon a helical scan. A z-direc-
tion coordinate position Ztable(view) 1s added to X-ray detec-
tor data DO(view, 1, 1) (where =1 to ROW, and I=1 to CH)
indicated by a view angle view, a detector row number j and
a channel number 1 thereby carrying out data acquisition
relative to a range at a constant speed.

The z-direction coordinate position may be added to X-ray
projection data or may be used 1n association with the X-ray
projection data as another file. Information about the z-direc-
tion coordinate position 1s used where the X-ray projection
data 1s three-dimensionally image-reconstructed upon the
helical shuttle scan and the variable pitch helical scan. Using,
the same upon the helical scan, conventional scan (axial scan)
Or cine scan, an improvement in the accuracy of an 1mage-
reconstructed tomographic image and an improvement 1n its
quality n be also realized

As the z-direction coordinate position, position control
data on the cradle 12 placed on the photographing table 10
may be used. Alternatively, z direction coordinate positions at
respective times, which are predicted from the imaging
operation set upon the imaging condition setting, may also be
used.

Upon the vanable helical scan or helical shuttle scan, data
acquisition will be carried out even at acceleration and decel-
eration 1n addition to the data acquisition for the range at the
constant speed.

Upon the conventional scan (axial scan) or the cine scan,
the data acquisition system 1s rotated once or plural times
while the cradle 12 placed on the photographing table 10 1s
being fixed to a given z-direction position, thereby to perform
data acquisition of X-ray detector data. The cradle 12 1is
moved to the next z direction position as needed and thereat-
ter the data acquisition system 1s rotated once or plural times
again to perform data acquisition of X-ray detector data.
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Upon the scout image photography, the operation of fixing
the X-ray tube 21 and the multi-row X-ray detector 24 and
performing data acquisition of X-ray detector data while the
cradle 12 placed on the photographing table 10 1s being lin-
carly moved, 1s performed.

At Step S2, a pre-process 1s performed on the X-ray detec-
tor data DO(view, 1, 1) to convert 1t into projection data. FIG.
6 shows a specific process about the pre-process at Step S2. At
Step S21, an ofiset correction 1s performed. At Step S22, a
logarithmic translation 1s performed. At Step S23, an X-ray
dosage correction 1s performed. At Step S24, a sensitivity
correction 1s performed.

In the case of the scout image photography, the pre-pro-
cessed X-ray detector data 1s completed as a scout image 11 a
pixel size as viewed 1n the channel direction and a pixel size
as viewed 1n the z direction corresponding to the linear trav-
cling direction of the cradle 12 are displayed in match with the
display pixel size of the monitor 6.

Referring back to FIG. 5, a beam hardening correction 1s
cifected on the pre-processed projection data D1(view, 1, 1) at
Step S3. Assuming that upon the beam hardening correction
at Step S3, projection data subjected to the sensitivity correc-
tion of Step S24 of the pre-process S2 1s defined as D1(view,
1, 1) and data subsequent to the beam hardening correction of
Step S3 1s defined as D11(view, 1, 1), the beam hardening
correction of Step S3 1s expressed 1n the form of, for example,
a polynomial as shown below (Equation 1). Incidentally, a
multiplication operation or computation 1s expressed 1n “*” in
the present embodiment.

[Equation 1]

D11(view,,i)y=D1(view,,i)*(bo(j,i)+B(j,i)*D1(view,,

D+B5(j.1)eD1(view,j, )% (1)

Since, at this time, beam hardening corrections indepen-
dent of one another every j row of detector can be performed,
the differences in X-ray energy characteristics of the detec-
tors for every row can be costed respective tube voltages of
the data acquisition system are different on the 1maging con-
ditions.

At Step S4, a z-filter convolution process for applying
filters 1n the z direction (row direction) 1s effected on the
projection data D11(view, 1, 1) subjected to the beam harden-
Ing correction.

That 1s, projection data of the multi-row X-ray detector
D11(view, 1, 1) (where 1=1 to CH and j=1 to ROW) subjected
to the pre-process at the data acquisition system and to the
beam hardening correction at each view angle, 1s subjected to
filters 1n which, for example, such row-direction filter sizes as
expressed 1n the following equations (Equation 2)and (Equa-
tion 3) are five rows, 1n the row direction.

[Equation 2]

(2)

(W (1), Wo(1), Wi(1), Wa(l), Ws(1))

where the sum of the above equation (2) 1s as follows:

|Equation 3]

5
Zwk(f) =1
k=1

(3)

This will be defined as the sum of all wk(1), from k equals
one to mfimty.

The corrected detector data D12(view, 1, 1) 1s expressed as
follows (given by the following equation 4):
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|Equation 4]

5 (4)
D12(view, j, i) = Z (D11(view, j+k =3, j)-w, (j))
k=1

Incidentally, assuming that the maximum value of the
channel 1s CH and the maximum value of the row 1s ROW, the
tollowing equations (Equations 5 and 6) are established.

[Equation 5]

D11(view,~1,)=D11(view,0,1)=D11(view,1,i) (5)

[Equation 6]

D11 (view,ROWi)=D11(view,ROW+1,1)=D11(view,

ROW+2,i) (6)

When row-direction filter coeflicients are changed for
every channel, slice thicknesses can be controlled depending
upon the distance from an 1image reconstruction center. In a
tomographic image, 1ts peripheral portion generally becomes
thick 1n slice thickness than the reconstruction center thereof.
Therefore, the row-direction filter coefficients are changed at
the central and peripheral portions so that the slice thick-
nesses can also be made uniform even at the peripheral por-
tion and the 1mage reconstruction center. When, for example,
the row-direction filter coetlicients are changed at the central
and peripheral portions, the row-direction {filter coeificients
are changed extensively i width 1 the neighborhood of a
central channel, and the row-direction filter coeflicients are
changed narrowly 1n width 1n the neighborhood of a periph-
eral channel, each slice thickness can be made approximately
uniform even at the peripheral portion and 1mage reconstruc-
tion central portion.

By controlling the row direction filter coefficients for the
central and peripheral channels of the multi-row X-ray detec-
tor 24 1n this way, each slice thickness can also be controlled
at the central and peripheral portions. Slightly thickening the
slice thickness by the row-direction filters provides a great
improvement in both artifact and noise. Thus, the degree of an
improvement in artifact and the degree of an improvement 1n
noise can also be controlled. That 1s, the three-dimensionally
image-reconstructed tomographic image, 1.€., the image qual-
ity 1n the Xy plane can be controlled. As another embodiment,
a tomographic image having a thin slice thickness can also be
realized by subjecting the row-direction (z-direction) filter
coellicients to deconvolution filters.

At Step S5, a reconstruction function convolution process
1s performed. That 1s, projection data 1s subjected to Fourier
transformation for performing transformation into a Ire-
quency domain or region and multiplied by a reconstruction
tunction, followed by being subjected to mverse Fourier
transformation. Assuming that upon the reconstruction func-
tion convolution process S5, projection data subsequent to the
7 filter convolution process 1s defined as D12, projection data
subsequent to the reconstruction function convolution pro-
cess 1s defined as D13, and the convoluting reconstruction
function 1s defined as Kernel(y), the reconstruction function
convolution process 1s expressed as follows (Equation 7).
Incidentally, a convolution computation or operation 1is
expressed 1n “*7 1

in the present embodiment.

[Equation 7]

D13(view,j,i)=D12(view,,i y*Kernel(;) (7)
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That 1s, since the reconstruction function kernel () can
perform reconstruction function convolution processes inde-
pendent of one another for every 1 row of detector, the differ-
ence between noise characteristics set for every row and the
difference between resolution characteristics can be cor-
rected.

At Step S6, a three-dimensional backprojection process 1s
eifected on the projection data D13(view, 1, 1) subjected to the
reconstruction function convolution process to determine
backprojection data D3(X, v, z). An image to be image-recon-
structed 1s three dimensionally image-reconstructed on a
plane, 1.e., an Xy plane orthogonal to the z axis. A reconstruc-
tion area or plane P to be shown below 1s assumed to be
parallel to the xy plane. The three-dimensional backprojec-
tion process will be explained later referring to FIG. 3.

At Step S7, a post-process including image filter convolu-
tion, CT wvalue conversion and the like 1s effected on the

backprojectiondata D3(X, v, z) to obtain a tomographic image
D31(x, vy, z).

Assuming that upon the image filter convolution pre 1n the
post-process, a tomographic 1image subsequent to the three-
dimensional backprojection i1s defined as D31(x, y, z), data
subsequent to the 1image filter convolution 1s defined as D32
(X, v, Z), and a two-dimensional 1mage filter subjected to
convolution on the xy plane corresponding to a tomographic

image plane 1s defined as Filter(z), the following equation
(Equation 8) 1s established.

[Equation ]

D32(x,v,z)=D31(x,v,z)*F1lter(z) (8)

That 1s, since the image filter convolution processes inde-
pendent of one another for every tomographic image at each
z-coordinate position can be carried out, the differences
between noise characteristics and between resolution charac-
teristics for every row can be corrected.

An 1mage space z-direction filter convolution process
shown below may be carried out after the two-dimensional
image filter convolution process. This 1mage space z-direc-
tion filter convolution process may be performed betfore the
two-dimensional image filter convolution process. Further, a
three-dimensional 1image filter convolution process may be
performed to produce such an effect as to share both of the
two-dimensional 1mage filter convolution process and the
image space z direction filter convolution process.

Assuming that upon the 1mage space z-direction filter con-
volution process, a tomographic image subjected to the image
space z-direction filter convolution process 1s defined as D33
(X, v, z) and a tomographic 1mage subjected to the two-
dimensional image filter convolution process 1s defined as
D32(x, vy, z), the following equation (Equation 9) 1s estab-
lished as follows. However, at an 1image space z-direction
filter coetficient at which a z-direction width 1s 21+1, v(1) 1s
expressed 1n the form of such a coeflicient row as shown
below (Equation 10).

[Equation 9]

s (9)
D33(x, v, 7) = Z D32(x, y, 7+ 1) - v(i)
i=—1

[Equation 10]

v(={), v(={+1), .. . v(=1), v(0), v(i-1), v({) (10)
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Upon the helical scan, the image space filter coetficient v(1)
may be an 1image space z-direction filter coetlicient indepen-
dent upon the z-direction position. However, when the con-
ventional scan (axial scan) or cine scan1s performed using the
two-dimensional X-ray area detector 24 or multi-row X-ray
detector 24 or the like broad 1n detector width 1n the z-direc-
tion 1n particular, the image space z-direction filter coetlicient
v(1) may preferably use an image space z-direction filter
coellicient that depends upon the position of each X-ray
detector row 1in the z direction. This 1s because 1t 1s further
elfective since detailed adjustments dependent on the row
position of each tomographic 1image can be made.

The resultant tomographic 1image 1s displayed on the moni-
tor 6.

(Flowchart for Three-Dimensional Backprojection Process)

FIG. 7 shows the details of Step S6 i FIG. 5 and 1s a
flowchart showing the three-dimensional backprojection pro-
CEesS.

In the present embodiment, an 1mage to be 1image-recon-
structed 1s three-dimensionally 1mage-reconstructed on a
plane, 1.e., an Xy plane orthogonal to the z axis. The following
reconstruction area P 1s assumed to be parallel to the xy plane.

At Step S61, attention 1s paid to one of all views (1.e., views
corresponding to 360° or views corresponding to “180°+fan
angles™) necessary for image reconstruction of each tomo-
graphic 1image. Projection data Dr corresponding to respec-
tive pixels 1n the reconstruction area P are extracted.

The projection data Dr will now be explained using FIGS.
8(a) and 8(b) through FIG. 10. FIGS. 8(a) and 8(b) are con-
ceptual diagrams showing the projection of lines on a recon-
struction area 1n an X-ray penetration direction, wherein FIG.
8(a) shows an xy plan and FIG. 8(b) shows a yz plane. F1G. 9
1s a conceptual diagram showing the respective lines 1n an
image reconstruction plane, which are projected onto an
X-ray detector plane.

As shown 1in FIGS. 8(a) and 8(b), a square area of 512x512
pixels, which 1s parallel to the xy plane, 1s assumed to be a
reconstruction area P. A pixel row L0 parallel to the x axis of
y=0, a pixel row L63 of y=63, a pixel row L127 of y=127, a
pixel row L191 of y=191, a pixel row L2535 of y=255, a pixel
row L.319 of y=319, a pixel row L383 of y=383, a pixel row
1.447 of y=44'7, and a pixel row L511 of y=511 are taken as
rows. If projection data on lines T0 through T511 shown in
FIG. 9 obtained by projecting the pixel rows L0 through 1L.511
onto the plane of the multi-row X-ray detector 24 in an X-ray
penetration direction are extracted, then they result 1n projec-
tion data Dr(view, X, y) of the pixel lows L0 through L.511.
However, x and y correspond to the respective pixels (x, y) of
the tomographic image.

The X-ray penetration direction 1s determined depending
on geometrical positions of the X-ray focal point of the X-ray
tube 21, the respective pixels and the multi-row X-ray detec-
tor 24. Since, however, the z coordinates z(view) of X-ray
detector data D0(view, 1, 1) are known with being added to the
X-ray detector data as a table linear movement z-direction
position Ztable(view), the X-ray penetration direction can be
accurately determined within the X-ray focal point and the
data acquisition geometrical system of the multi-row X-ray
detector even 1n the case of the X-ray detector data DO(view,
1, 1) placed under acceleration and deceleration.

Incidentally, when some of lines are placed out of the
multi-row X-ray detector 24 as viewed 1n the channel direc-
tion as in the case of, for example, the line T0 obtained by
projecting the pixel row L0 on the plane of the multi-row
X-ray detector 24 in the X-ray penetration direction, the
corresponding projection data Dr(view, X, y) 1s set to “0”.
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When 1t 1s placed outside the multi-row X-ray detector 24 as
viewed 1n the z direction, the corresponding projection data
Dr(view, X, v) 1s determined as extrapolation.

Thus, the projection data Dr(view, X, v) corresponding to
the respective pixels of the reconstruction area P can be
extracted as shown 1n FIG. 10.

Referring back to FIG. 7, at Step S62, the projection data
Dr(view, X, v) are multiplied by a cone beam reconstruction
weilght coellficient to create projection data D2(view, X, y) as
shown 1n FIG. 11.

Now, the cone beam reconstruction weight coellicient w(i,
1) 1s as follows. Generally, when the angle which a linear line
connecting the focal point of the X-ray tube 21 and a pixel
g(x, y) on the reconstruction area P (xy plane) at view=pa
forms with a center axis B¢ of an X-ray beam 1s assumed to be
y and 1ts opposite view 1s assumed to be view=f3b 1n the case
of fan beam 1mage reconstruction, the following equation 1s

established.

[Equation 11]

Bb=Pa+180°=2y (11)

When the angles which the X-ray beam passing through
the pixel g(x, y) on the reconstruction area P and its opposite
X-ray beam form with the reconstruction plane P, are
assumed to be ca and ab, they are multiplied by cone beam
reconstruction weight coefficients wa and wb dependant on
these and added together to determine backprojection pixel
data D2(0, X, y) 1n the following manner.

[Equation 12]

D2(0x,v)=(wa*D2(0.x,v)_a+wb*D2(0x,v)_b (12)

where D2(0,x,y)_a indicates backprojection data for the
view [3a, and D2(0,x,y)_b indicates backprojection data for
the view [b.

Incidentally, the sum of the cone beam reconstruction

welght coelficients corresponding to the beams opposite to
cach other 1s as follows:

[Equation 13]

wa+mwb=1

(13)

The above addition with multiplication of the cone beam
reconstruction weight coeflicients wa and wb enables a reduc-
tion in cone angle artifacts

For instance, the cone beam reconstruction weight coelli-
cients ma and wb can make use of ones obtained by the
following equations. Incidentally, ga indicates a weight coet-
ficient of the view Pa, and gb indicates a weight coellicient of
the view (b, respectively.

Assuming that 2 of a fan beam angle 1s ymax, the follow-
ing equations (Equation 14 to Equation 19) are established.

[Equation 14]
ga=f(ymax, aa, Pa) (14)

[Equation 15]

gb=f(ymax, ab, pb) (15)

[Equation 16]
xa=2-ga?/(ga?+gb?) (16)
[Equation 17]

xb=2-gb?/(ga?+gb?) (17)
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[Equation 18]

wa=xa>(3-2xa)

(18)
[Equation 19]

wh=xb*-(3-2xb) (19)

(For instance, g=1)

Assuming that as examples of ga and gb, max| | are defined
as functions that take large values, the following equations
(Equation 20 and Equation 21) are given as follows:

[Equation 20]

ga=max[0, {(m/2+ymax)-pal } ] tan{ca)| (20)

[Equation 21]

gh=max[0, {(m/2+ymax)-Ipb| }/tan(ab) (21)

In the case of the fan beam 1mage reconstruction each pixel
on the reconstruction area P 1s for multiplied by a distance
coellicient. Assuming that the distance from the focal point of
the X-ray tube 21 to each of the detector row 1 and channel 1
of the multi-row X-ray detector 24 corresponding to the pro-
jection data Dr 1s r0, and the distance from the focal point of
the X-ray tube 21 to each pixel on the reconstruction area P
corresponding to the projection data Dr 1s rl, the distance
coellicient 1s given as (r1/10)2.

In the case of parallel beam 1mage reconstruction, each
pixel on the reconstruction area P may be multiplied by the
cone beam reconstruction weight coetlicient w(i, 1) alone,

At Step S63, the projection data D2(view, X, v) 1s added to
its corresponding backprojection data D3(x, y) cleared 1n
advance 1n association with each pixel. FIG. 12 shows the
concept that the projection data D2(view, X, y) 1s added for
every pixel

At Step S64, Steps S61 through S63 are repeated with

resect to all views (1.e., views corresponding to 360° or views
corresponding to “180°+fan angles™) necessary for image
reconstruction of each tomographic image. Adding all the
views necessary for the image reconstruction makes 1t pos-
sible to obtain backprojection data D3(x, y) shown in the left

drawing of FIG. 12.

The flowchart for the three-dimensional backprojection
process of FIG. 7 1s equivalent to one 1n which the image
reconstruction area P shown 1n FI1G. 8 1s described as a square
of 512x512 pixels. However, no limitation 1s imposed on 1t.
FIGS. 13(a) and 13(b) are respectively conceptual diagrams
cach showing a state 1n which lines on a circular image
reconstruction area are projected in an X-ray penetration
direction, wherein FIG. 13(a) shows an xy plane, and FIG.
13(b) shows a yz plane.

As shown 1n FIGS. 13(a) and 13(5), the reconstruction area
P may be set as a circular area whose diameter 1s 512 pixels,
without setting 1t as the square area of 512x512 pixels.

An embodiment 1llustrative of a heart imaging method
capable of performing 1imaging with good quality at a high
speed under low exposure using the X-ray CT apparatus 1s
shown below.

A first embodiment shows an embodiment wherein the
appropriateness of the phase of an electrocardiographic sig-
nal 1s determined 1n advance by a high-speed helical scan
large 1n helical pitch at low X-ray dosage and thereafter a
helical scan for an actual scan 1s performed by means of test
injection or contrast agent synchronous photography.
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A second embodiment shows an embodiment related to a
method of contrast agent synchronous photography or imag-
ng.

First Embodiment

The first embodiment illustrates the embodiment wherein
the appropriateness of the phase of the electrocardiographic
signal 1s determined 1n advance by the high-speed helical scan
large 1n helical pitch at low X-ray dosage and thereafter the
helical scan for the actual scan 1s performed by means of test
injection or contrast agent synchronous photography.

FIGS. 16, 17, 18 and 19 are respectively diagrams for
describing the prior art and respectively show the image of the
conventional heart imaging process. So-called electrocardio-
graphic synchronous photography or imaging synchronized
with the heartbeat has heretofore been performed upon pho-
tography of a cardiac coronary r or the like. As the electro-
cardiographic synchronous photography or imaging, there
are known prospective imaging in which while the average of
a plurality of immediately-preceding cardiac cycles or peri-
ods 1s being observed, projection data are acquired 1n sync
with, for example, 75% phase of the average cardiac period
considered to be a cardiac phase stablest in heart, thereby
performing 1mage reconstruction, and so-called retrospective
imaging 1 which an electrocardiographic signal and X-ray
projection data are stored 1n association with each other in
advance, and the X-ray projection data of the cardiac phase at
image reconstruction 1s extend, thereby performing image
reconstruction. Since there 1s a case 1n which upon the pro-
spective 1maging, scan control does not work well due to
arrhythmias, the retrospective imaging 1s in the mainstream.

FIG. 22(a) shows a general electrocardiographic signal.
Assuming now that the heart rate 1s 75 bmp (beat per minute),
a cardiac period becomes 0.8 seconds and such electrocardio-
graphic wavelorms (P wave, QRS wave, T wave and U wave)
as shown 1n the drawing appear in this period. At the timing of
the P wave, the cardiac atria 1s excited and shrunk so that
blood tlows from a large vein and a pulmonary vein flow 1nto
the cardiac ventricle or chamber. At the timing of the QRS
wave Tollowing the above timing, the cardiac atria stmmers
down or falls out of excitation and the cardiac ventricle or
chamber 1s excited and shrunk, thereby squeezing the blood
flow of the cardiac chamber into a main artery and a pulmo-
nary a At the timing of the subsequent T wave, the cardiac
chamber simmers down. And the motion of the heart becomes
most gradual at the timing (cardiac phase 75%) of the subse-
quent U wave.

As the method of image-reconstructing a tomographic
image such as the cardiac coronary artery or the like, there has
heretofore been known a so-called multi-segment 1mage
reconstructing method. In the present method, projection data
about the cardiac phase 75% are extracted based on the elec-
trocardiographic signal detected simultaneously with the car-
diac helical scan, and the extracted segment data are com-
bined by view angles necessary for the image reconstruction
of one slice, whereby the corresponding tomographic image
can be 1image-reconstruct.

In general, there 1s aneed to set projection data correspond-
ing to at least fan angles+180° as view angles for the purpose
of the image reconstruction corresponding to one slice. When
it 1s however not possible that X-ray projection data corre-
sponding to one rotation of the gantry covers such a projec-
tion data, segment data extracted from a cardiac period or
heartbeat range of continuous two heartbeats or more are
combined, thereby image-reconstructing a tomographic
image corresponding to one slice.
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In recent years, X-ray detectors have been multirowed and
the width of each X-ray detector has been increased, and the
rotational speed of the gantry has been also speeded up.
However, the present situation 1s that since the z-direction
width of the X-ray detector i1s not sufficiently broad and the
imaging of the whole heart cannot be attained by only one
scan upon the conventional scan (axial scan) or cine scan,
X-ray projection data corresponding to plural segments are
combined by the cardiac helical scan to perform image recon-
struction.

The flow of the conventional heart imaging method 1s
shown 1n FIG. 21.

At Step C1, a scout scan 1s performed.

At Step C2, alow-dosage and fast-helical pitch helical scan
(with no contrast agent) for determining a scan range 1s per-
formed.

At Step C3, test injection 1maging or photography by an
intermittent conventional scan (axial scan) at a low dosage 1s
carried out.

At Step C4, an electrocardiographically synchronized heli-
cal scan (used upon contrast) slow 1n helical pitch 1s per-
formed.

At Step C5, an electrocardiographically synchronized heli-
cal scan image display 1s performed.

The cardiac imaging has heretofore bee carried out in this
way.

However, the helical scan slow 1n helical pitch, which 1s
carried out at Step C4, 1s slow 0.2 or so 1n helical pitch, and the
dose of X-rays radiated to the subject was greater than at the
normal scan.

Upon the cardiac helical scan at Step C4, such X-ray data
acquisition and 1ts 1image reconstruction as shown 1 FIGS.
16,17 and 18 have been carried out. In such cases as shown in
FIGS. 17 and 18 1n particular, the X-ray projection data cor-
responding to the fan angles +180° or 360° are divided to
carry out the image reconstruction. Therefore, each joining
portion of the X-ray projection data 1s not connected
smoothly, thereby leading to the occurrence of artifacts.

In FI1G. 19, the joiming portions of the X-ray projection data
are caused to overlap each other 1n such a manner that the
jommng portions thereof become preferably smooth. The
X-ray projection data on both side of the joining portion 1s
multiplied by a weight coelflicient to make weighted addition,
thereby combining the X-ray projection data. Since, however,
the X-ray projection data different 1n time and cardiac period
or heartbeat are combined, the discontinuity 1n joining por-
tion cannot be resolved even this unless reproducibility of
body motion of the subject 1s obtained, so artifacts on the
tomographic image and banding artifacts at the three-dimen-
sional 1mage display cannot be avoided.

In the present embodiment, the following points are taken
into consideration and improved as important points.

(1) Data acquisition 1s performed by a one helical scan con-
tinuous 1 a time direction as a countermeasure for the
absence of the reproducibility of the subject’s body
motion.

(2) Three-dimensional image reconstruction 1s used in which
artifacts are less reduced even though a high-speed helical
scan large 1n helical pitch i1s performed.

(3) The conventional cardiac imaging method 1s usable when
the cardiac period 1s short.

FIG. 23 shows a flowchart for describing cardiac photog-
raphy or imaging in the first embodiment. The cardiac imag-
ing of the first embodiment will be explained with reference
to the figure.

Incidentally, a scan width of one example, a gantry rota-
tional speed, and a helical pitch for a high-pitch helical scan
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are assumed to be 40 mm, 0.35 seconds perrotation and 1.375
respectively in the following description. Here, the helical
pitch indicates aratio S/D between a z-direction width D of an
X-ray beam and the amount S of subject’s motion per rotation
of an X-ray data acquisition system.

At Step S11 1 FIG. 23, the electrocardiograph 31 1is
mounted to the subject to acquire or collect an electrocardio-
graphic signal.

At Step S12, an imaging range 1s designated by a scout
image obtained by a scout scan for the subject, and a cardiac
area of the scout image 1s designated. The resultant scout
image 1s displayed on the display screen R of FIG. 14, and a
cardiac position 1s designated. Further, an operator sets a scan
range for a subsequent helical scan and an 1mage reconstruc-
tion range. The helical scan of one example st at a body-axis
direction z position zs of the subject and ends at ze.

Referring back to FIG. 23, at Step S13, a low dosage-based
high-speed helical scan large 1n helical pitch 1s performed at
such a timing that, for example, a cardiac phase of 75+5% of
a cardiac period P or a cardiac phase of a cardiac period P+0.5
seconds 1s placed 1n a z-direction central position of an imag-
ing range for the helical scan as a predetermined cardiac
phase while electrocardiographic waveforms are being
observed.

Incidentally, the helical scan at Step S13 and the image
reconstruction at Step S14 subsequent to Step S13 intend to
photograph or 1mage portions or regions clearly undisplayed
at the scout photography at a low dosage, perform 1mage
reconstruction at high speed, and confirm the condition for
imaging or photographing a cardiac portion or region. They
are not necessarily essential.

The helical scan at Step S13 may preferably be performed
using a high-speed helical scan large 1n helical pitch and its
method to be performed at Step S17 to be described later. This
1s not necessarily required so. At least, the helical scan at Step
13 will be performed to confirm whether the present appara-
tus detects a proper cardiac phase and photograph or image a
proper phase corresponding to the cardiac phase, by using the
low-dosage scan at Step S13 and the image reconstruction.

Referring back to FIG. 23, at Step S14, sectional conver-
sion1mages of a cardiac coronal plane and/or 1ts sagittal plane
are 1mage-reconstructed using the X-ray projection data
acquired at Step S13. Confirmation 1s made as to whether the
heart 1s placed 1n a predetermined cardiac phase (mesodias-
tole or predetermined cardiac triggered phase). At this time,
confirmation 1s made as to whether each part of the heart such
as the coronary artery is properly drawn or plotted at the
coronal 1mage and sagittal image. It 1s also determined
whether imaging 1s done 1n the proper cardiac phase or car-
diac triggered phase. Further, a decision 1s made as to whether
the 1imaging i1s done in the proper cardiac phase or cardiac
triggered phase, depending upon the degree of artifacts pro-
duced from the motion of the heart. An example of a coronal
image 1n which the heart placed in mesodiastole 1s drawn
properly, 1s shown 1n FIG. 24.

At Step S135, a contrast agent (10dide) 1s 1njected mto an
arm vein of the subject 1n small quantities. Thereafter, the
cardiac region (main € or the like) of the subject 1s monitor-
scanned by an mtermittent scan after the elapse of a prede-
termined time having considered allowance prior to cardiac
attainment. Further, a delay time (that 1s, a delay time from the
injection of the contrast agent to 1ts attainment to the main art)
from 1mage reconstruction in real time to the attainment of a
C'T value of a vascular portion to a predetermined value or
more 1s determined. In the intermittent method according to
the present embodiment, a low exposed dose 1s realized by
performing a conventional scan (axial scan) of one rotation
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(0.35 s) of gantry at approximately one-second intervals. A
monitor scan corresponding to an intermittent scan at time T1
intervals 1s shown in FI1G. 25.

When 1t 1s found at Step S16 that the proper cardiac phase
or cardiac triggered phase 1s taken by reference to the result of
discrimination at Step S14, a routine procedure for the cardiac
imaging proceeds to Step S17, where an actual 1njection of
the contrast agent 1s performed again and a high-speed helical
scan (actual scan) large 1n helical pitch is performed 1n timing
with the predetermined cardiac phase subsequent to the
clapse of the measured delay time.

FI1G. 25 shows the relationship between a helical scan for
an actual scan and a cardiac periodic signal.

At Step S15, the subject 1s returned to the predetermined
position after the acquisition of the delay time, and the con-
trast agent 1s 1njected nto the arm’s vein. Further, the elapse
of a contrast agent delay time 1s awaited. When the delay time
1s almost reached, the high-speed helical scan large 1n helical
pitch 1s effected on the subject. The subject 1s conveyed to the
scan start position zs by the cradle 12.

Assuming that the latest average cardiac or heartbeat
period 1s Th (corresponding to the average of latest four
cardiac periods, for example), a waiting time from a cardiac
periodic signal trl to the start of X-ray data acquisition 1s Tw,
an X-ray data acquisition range 1s [tss, tse], an 1mage recon-
struction range 1s [trs, tre], the time of cardiac phase 75% 1s tc,
an X-ray data acquisition range on a time base t of the helical
scan for the actual scan 1s Ts, an 1image reconstruction range
on the time base t of the helical scan for the actual scan 1s Tr,
an allowance time from the start time of the X-ray data acqui-
sition range T's to the start time of the 1image reconstruction
range Tr1s 11, and an allowance time from the end time of Tr
to the end time of the X-ray data acquisition range Ts 1s T1,
the following equations (Equations 22,23,24 and25) are given
as follows:

[Equation 22]
fc=(1ss+tse)/ 2=(trs+tre)/2 (22)
[Equation 23]
trs=tc-1r/2=tss+1'1 (23)
[Equation 24]
tss=te—-1s/2=trs—T1 (24)
[Equation 23]
Tw=Th+ic-Ts/2 (25)

Thus, the waiting time Tw 1s awaited from the cardiac
periodic signal trl at the X-ray data acquisition start time tss
and X-ray 1rradiation 1s started, after which a high-speed
helical scan large 1n helical pitch 1s performed. When a car-
diac region of 12 cm 1s helically scanned where the scan speed
1s 0.35 seconds per rotation, the X-ray beam width 1s 40 mm,

and the helical pitch 1s 1.3735, cardiac imaging can be carried
out 1n about 0.76 seconds (=120/(40x1.375/0.35)).

It the scan speed becomes 0.2 seconds per rotation, then the

cardiac 1imaging 1s enabled in about 0.43 seconds (=120/(40x
1.375/0.2)).

It the scan speed 1s 0.35 seconds per rotation, the X-ray
beam width 1s 80 mm, and the helical pitch 1s 1.375, then the
cardiac 1maging 1s made possible in about 0.38 seconds

(=120/(80x1.375/0.35)).
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Thus, the imaging of the whole heart 1s allowed at approxi-
mately one heartbeat or time not greater than 1t, and hence a
high-speed scan can be realized.

Referring back to FIG. 23, when 1t 1s found from the dis-
crimination at Step S16 referred to above that the appropriate
cardiac phase or appropriate cardiac triggered phase has not
been taken, the routine procedure proceeds to Step S18,
where an electrocardiographic synchronism-based helical
scan slow 1n helical pitch similar to the prior art 1s performed.
Preparing this scan method is effective for a subject high 1n
heart rate.

Incidentally, relative velocity of the subject to the data
acquisition system at the helical scan 1s shown 1n graph form
shown below FIG. 25. It 1s better that the cradle should be
operated at the maximum velocity between [tss and tse] cor-
responding to the X-ray data acquisition range T's. Therefore,
a run-up time and a run-up distance for acceleration are deter-
mined 1n advance, and then the operating speed of the cradle
12 1s controlled so as to reach the maximum or top velocity V1
at the time tss. When the scan gantry 20 1s operated, the
operating speed of the scan gantry 20 1s controlled.

In view of processing for arrhythmia, the relationship
between a helical scan and an electrocardiographic sync sig-
nal at the time that a cardiac or heartbeat period 1s made long,
1s shown 1n FIG. 26, and the relationship between a helical
scan and an electrocardiographic sync signal at the time that
a cardiac period 1s made short 1s shown 1n FIG. 27.

It 1s understood from FIG. 26 that assuming that the range
allowable for an average cardiac period Th 1s +20%, for
example, the cardiac period i1s abnormal at the time of tw
where a trigger signal of an electrocardiographic sync signal
does not come by the time tw corresponding to 120% of the
average cardiac period Th.

It 1s understood from FIG. 27 that assuming that the range
allowable for an average cardiac period This £20%, for
example, the cardiac period i1s abnormal at the time of tw
where a trigger signal of an electrocardiographic sync signal
comes by the time tw corresponding to 80% of the average
cardiac period Th.

When these abnormalities of cardiac period are found,
X-ray radiation will be made stopped if possible. If it1s unable
to stop the X-ray radiation, X-ray projection data acquisition
1s performed to the end of the helical scan. In any case, the
start and end points of the helical scan are reversed from this
time and re-imaging can be performed again in the opposite
direction. However, 11 arrhythmia appears seriously and the
cardiac period 1s not stable, then the imaging can also be
stopped.

Second Embodiment

A second embodiment shows an embodiment of a method
illustrative of the contrast agent synchronous imaging
employed in Step S15 or Step S17 shown 1n FIG. 23 of the first
embodiment

FIG. 28 shows an example of the flow of processing for the
contrast agent synchronous imaging.

At Step C1, a subject is placed on the cradle 12 and they are
aligned with each other.

At Step C2, scout 1image acquisition 1s performed.

At Step C3, an 1maging condition setting 1s carried out.

At Step C4, baseline tomographic 1mage 1imaging 1s per-
formed.

At Step C5, a baseline tomographic image display 1s done.

At Step C6, a contrast agent synchronous 1maging condi-
tion setting 1s carried out. A region-olf-interest setting on a
baseline tomographic 1image 1s carried out.
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At Step C7, a monitor scan 1s started. The monitor scan 1s
shown 1n FIG. 29.

At Step C8, 1t 1s decided whether an average CT value 1n the
region of interest exceeds a set threshold value. If the answer
1s found to be YES, then the flow of processing proceeds to
Step C9. If the answer 1s found to be NO, then Step C8 1s
repeated. A delay time for the contrast agent 1s found from the
timing at which the average CT value exceeds the threshold
value.

At Step C9, preparation for an actual scan 1s made. The
cradle 12 on the photographing table 10 1s shifted to the
position for the actual scan.

At Step C10, the actual scan 1s started

At Step C11, an actual scan tomographic image display 1s
carried out.

Upon the baseline tomographic image photography at Step
C4, the region of interest used 1n the monitor scan 1s set. I a
plurality of sheets of tomographic images are photographed
in the z direction at the monitor scan, then a plurality of sheets
of tomographic 1images are photographed 1n the z direction
even at the baseline tomographic image photography. When a
plurality of regions of interest are set in the z direction, a
plurality of regions of interest are set 1n the z direction even at
the baseline tomographic image photography. If a plurality of
regions of interest are set within a tomographic image in an xy
plane, then a plurality of regions of interest are set to within
one tomographic 1image at the baseline tomographic 1image
photography.

An example of a screen for the above-described contrast
agent synchronous imaging i1s shown in FIGS. 30(a) and
30(b).

In a baseline tomographic 1mage shown 1n FIG. 30(a), a
region of interest 1 1s set to a man artery. Tis device that a
contrast agent flows and the region of interest 1s first set to
such a main artery that a CT value increases, thereby using it
as a trigger for the actual scan. A change in CT value of each
region of interest ROI1 at each time t 1s shown 1n FI1G. 30(5).

Assuming now that a threshold value used as for a trigger
tor the actual scan 1s set to a CT value 100 on the region of
interest 1 (ROI1), a CT value on the region of interest 1
(ROI1) reaches a predetermined threshold value 1n a little less
than about 30 seconds, so that the actual scan 1s triggered. At
Step S17, the actual scan 1s triggered in this way.

At Step S15, a contrast agent delay time 1s outputted or
displayed upon a test injection.

According to the present embodiment as described above,
the 1maging or photographing time can greatly be shortened
by the high-speed helical scan, and the exposed dosage can
greatly be reduced (to 15 of the conventional one). Further, a
reduction 1n the amount of injection of the contrast agent can
also be expected.

The present embodiment results 1n a technology essential
as one heart imaging or scanning technique by an X-ray CT
apparatus using a future multi-row X-ray detector or two-
dimensional X-ray area detector of a matrix structure typified
by a flat panel X-ray detector.

According to the X-ray CT apparatus or X-ray CT imaging
method of the present invention the above-described X-ray
CT apparatus 100 can bring about an advantageous effect 1in
that 1t 1s possible to realize the photography or imaging of the
heart at the low dosage and high speed and with good 1image
quality by the helical scan, variable pitch helical scan or
helical shuttle scan of the X-ray CT apparatus having the
multi-row X-ray deter or the two -dimensional X-ray area
detector of matrix structure typified by the flat panel X-ray
detector.

10

15

20

25

30

35

40

45

50

55

60

65

20

Incidentally, the image reconstructing method according to
the present embodiment may be a three-dimensional 1image
reconstructing method based on the Feldkamp method known
to date. Further, 1t may be another three-dimensional 1image
reconstructing method. Alternatively, 1t may be two-dimen-
sional 1mage reconstruction.

Although the above embodiment has explained the
example of the cardiac imaging, the present invention 1s not
limited to 1t. The two coronary arteries for feeding nutrition to
the heart muscle extend over the surface of the heart. The
coronary arteries move greatly with the motion of the heart at
the surface of the heart. Therelfore, artifacts with the motion
thereol are apt to occur 1n i1ts tomographic image. Accord-
ingly, the present invention brings about an effect even with
resect to the photography of the coronary arteries in particular
in like manner.

Although the above embodiment has described such a heli-
cal scan that the photographing table 10 1s moved, the present
invention can be applied even to such an X-ray CT apparatus
that the scan gantry 20 1s moved 1n the direction of the body
axis of the subject 1n reverse.

Although the present embodiment has been described as
the case 1n which the helical scan 1s used, an effect can be
brought about 1n like manner even in the case of the variable
pitch helical scan and the helical shuttle scan.

Although the present embodiment has been described as
the case 1n which the scan gantry 20 1s not tilted a similar
eifect can be brought about even 1n the case of a so-called tilt
scan 1n which the scan gantry 20 1s tilted.

In the present embodiment, the row-direction (z-direction)
filters different 1n coellicient for every row are convoluted,
thereby adjusting variations in 1mage quality and realizing a
uniform slice thickness, artifacts and the 1mage quality of
noise at each row. Although various z-direction filter coetii-
cients are however considered therefor, any can bring about a
similar effect.

Although the present embodiment has been described on
the basis of the medical X-ray CT apparatus, it can be made
available to an X-ray CT-PET apparatus utilized in combina-
tion with an industrial X-ray CT apparatus or another appa-
ratus, an X-ray CT-SPECT apparatus utilized in combination
therewith, etc.

The mvention claimed 1s:

1. An X-ray CT apparatus comprising:

an X-ray data acquisition device for acquiring X-ray pro-

jection data transmitted through a subject lying between
an X-ray generator and an X-ray detector having a two-
dimensional detection plane by a helical scan which
acquires X-ray projection data, while said X-ray genera-
tor and said X-ray detector are being rotated about a
center of rotation lying therebetween with said X-ray
generator and said X-ray detector moving relative to the
subject lying therebetween;

an 1mage reconstructing device for image-reconstructing

said acquired projection data;

an 1mage display device for displaying an image-recon-

structed tomographic image; and

an 1maging condition setting device for setting various

kinds of imaging conditions for a tomographic image,

wherein said X-ray data acquisition device includes a
first device for a high pitch helical scan using a helical
pitch capable for scanning a whole heart ol the subject
within a time of one heart-beat in synchronization
with a predetermined phase in one cycle of a cardiac
signal of said subject.

2. The X-ray CT apparatus according to claim 1, wherein
said helical pitch capable for scanming a whole heart of the
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subject within a time of one heart-beat 1s 1 or more, wherein
said helical pitch 1s defined by a ratio S/D, wherein D 1s a
width of X-ray beam irradiated from said X-ray generator in
relative moving direction of said X-ray generator and said
X-ray detector to a subject and S 1s an amount of said relative 3
movement.

3. The X-ray CT apparatus according to claim 1, wherein
said X-ray data acquisition device further comprises a second

device for a low pitch helical scan using a helical pitch smaller
than that of the high pitch helical scan, 10

and said X-ray C'T apparatus further comprises a selecting,
device for selecting one of the high pitch helical scan and
the low pitch helical scan.

4. The X-ray CT apparatus according to claim 3, further
comprises a deciding device for deciding whether the high
pitch helical scan 1s possible to be properly carried out,

15

and said selecting device selects one of the high pitch
helical scan and the low pitch helical scan based on the

decision obtained by said deciding device. .

5. The X-ray CT apparatus according to claim 4, wherein
said deciding device includes a device for reconstructing a
coronal 1image and/or a sagittal image based on a lower dose
high pitch helical scan using an X-ray dose lower than said
high pitch helical scan.

25
6. The X-ray CT apparatus according to claim 1, wherein

said first device performs X-ray data acquisition synchro-
nized with a predetermined phase defined by a rate relative to
one cycle of said cardiac signal.

7. The X-ray CT apparatus according to claim 6, wherein 3¢
said first device performs X-ray data acquisition synchro-
nized with a predetermined phase by synchronizing a center
of a helical scan range with a timing of 75£5% of one cycle
later than an R wave.

8. The X-ray CT apparatus according to claim 1, wherein 35
said first device performs X-ray data acquisition synchro-
nized with a predetermined phase defined by an absolute time
period from said cardiac signal.

9. The X-ray CT apparatus according to claim 8, wherein
said first device performs X-ray data acquisition synchro- 4V
nized with a predetermined phase by synchronizes a center of
a helical scan range with a timing 0.5 second later than an R
wave.

10. An X-ray CT imaging method comprising:
an X-ray data acquisition step for acquiring X-ray projec- >

tion data transmitted through a subject lying between an

X-ray generator and an X-ray detector having a two-

dimensional detection plane by a helical scan which

acquires X-ray projection data while said X-ray genera-

tor and said X-ray detector are being rotated about a

center of rotation lying therebetween with said X-ray

generator and said X-ray detector moving relative to the

subject lying therebetween; and
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an 1mage reconstructing step for image-reconstructing said
acquired projection data;
wherein said X-ray data acquisition step includes a first
step for a high pitch helical scan using a helical pitch
capable for scanning a whole heart of the subject
within a time of one heart-beat in synchronization
with a predetermined phase in one cycle of a cardiac
signal of said subject.

11. The X-ray CT imaging method according to claim 10,
wherein said helical pitch capable for scanning a whole heart
of the subject within a time of one heart-beat 1s 1 or more,
wherein said helical pitch 1s defined by a ratio S/D, wherein D
1s a width of an X-ray beam irradiated from said X-ray gen-
crator 1n relative moving direction of said X-ray generator
and said X-ray detector to a subject and S 1s an amount of said
relative movement.

12. The X-ray CT imaging method according to claim 10,
wherein said X-ray data acquisition step further comprises a
second step for a low pitch helical scan using a helical pitch
smaller than that of the high pitch helical scan,

and said X-ray CT imaging method further comprises a

selecting step for selecting one of the high pitch helical
scan and the low pitch helical scan.

13. The X-ray CT 1maging method according to claim 12,
turther comprises a deciding step for deciding whether the
high pitch helical scan 1s possible to be properly carried out,

and said selecting step includes selecting one of the high

pitch helical scan and the low pitch helical scan based on
the decision obtained by said deciding device.

14. The X-ray CT imaging method according to claim 13,
wherein said deciding step includes a step for reconstructing
a coronal image and/or a sagittal image based on a lower dose
high pitch helical scan using an X-ray dose lower than said
high pitch helical scan.

15. The X-ray CT imaging method according to claim 10,
wherein said first step includes performing an X-ray data
acquisition synchronized with a predetermined phase defined
by a rate relative to one cycle of said cardiac signal.

16. The X-ray CT imaging method according to claim 135,
wherein said first step performs X-ray data acquisition syn-
chronized with a predetermined phase by synchromizing a
center of a helical scan range with a timing of 75+5% of one
cycle later than an R wave.

17. The X-ray CT imaging method according to claim 10,
wherein said first step performs X-ray data acquisition in
synchronization with a predetermined phase defined by an
absolute time period from said cardiac signal.

18. The X-ray CT imaging method according to claim 17,
wherein said first step performs X-ray data acquisition in
synchronization with a predetermined phase by synchroniz-
ing a center of a helical scan range with a timing 0.5 second
later than an R wave.
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